We study the nature of (001) surface states in Pb0.73Sn0.27Se in the newly discovered topologicalcrystalline-insulator (TCI) phase as well as the corresponding topologically trivial state above the band-gap-inversion temperature. Our calculations predict not only metallic surface states with a nontrivial chiral spin structure for the TCI case, but also nonmetallic (gapped) surface states with nonzero spin polarization when the system is a normal insulator. For both phases, angle-and spinresolved photoelectron spectroscopy measurements provide conclusive evidence for the formation of these (001) surface states in Pb0.73Sn0.27Se, as well as for their chiral spin structure.
I. INTRODUCTION
In the recent years, the theoretical prediction 1-3 and the successive discovery [4] [5] [6] of topological order in solids have attracted considerable attention shaping the study of topological phenomena into one of the major fields of contemporary condensed-matter physics. 7, 8 In the case of topological insulators (TIs), bulk semiconductors with an odd number of band inversions support gapless Diraclike surface states. These are topologically protected by time-reversal symmetry and feature a chiral spin texture, thus providing robust spin-polarized conduction channels. Naturally, it is this property that renders TIs potential candidate materials for spintronics applications.
9,10
In the search for new TIs, lately, a novel topologically nontrivial state has been proposed to exist in SnTe. 11 Despite not falling in the class of the "classic" TIs with Z 2 topological invariants, 2 this IV-VI narrowgap semiconductor hosts metallic surface states protected by the mirror symmetry of the crystal's rock-salt (RS) structure-hence the name: topological crystalline insulator (TCI).
11 More specifically, this state is identified with the f m3m − f 3(4) valley phase in an extended classification scheme newly put forward. 12 It has been shown by angle-resolved photoelectron spectroscopy (ARPES) studies that this state is indeed realized on the (001) surfaces of SnTe, 13 as well as of the IV-VI substitutional alloys Pb 1−x Sn x Te 14 and Pb 1−x Sn x Se. 15 Although, in principle the spin-orbit interaction (SOI) is not a prerequisite for obtaining a TCI, 16 the TCI phase in real SnTe-or SnSe-based compounds would not be achieved without the relativistic effects (SOI and Darwin term). Due to the SOI, the metallic surface states observed in these materials have almost linear, Diraclike, dispersions.
11,13-15 Moreover, spin-polarization effects are anticipated for these states.
11,14
In this article, we present a theoretical prediction for the spin polarization of metallic (001) surface states in the TCI phase of Pb 0.73 Sn 0.27 Se, i.e., when the band structure is inverted at low temperatures. Surprisingly enough, at high temperatures, when the system is a normal insulator, a nonzero spin polarization of gapped surface states is obtained in the calculations. Experimental evidence for the formation of the surface states and their chiral spin texture in Pb 0.73 Sn 0.27 Se single crystals at both, low and high temperatures is provided through ARPES and spin-resolved photoelectron spectroscopy (SRPES).
II. BAND-STRUCTURE CALCULATIONS
To determine the electronic surface states in Pb 0.73 Sn 0.27 Se we have performed tight-binding (TB) calculations for a slab with 162 atomic monolayers. Such TB modeling proved to be very efficient for describing mixed crystals and their heterostructures, e.g., Pb 1−x Sn x Te, Pb 1−x Cd x Te, and Pb 1−x Mn x Te alloys. 15, 17, 18 The slab has a RS crystal structure and is oriented in [001] direction. In the two directions parallel to the surface periodic boundary conditions have been imposed. To describe the RS substitutional alloy within the virtual crystal approximation the TB parameters for the constituent compounds, PbSe and SnSe, are needed. While TB parameters for PbSe can be taken from the literature, 19 the parameters for RS SnSe are not available, as SnSe crystallizes in an orthorhombic structure. To obtain the parameters for the hypothetical material, bulk RS SnSe, we first estimate its electronic band structure using standard ab-initio methods, i.e., density-functional theory with local-density approximation (DFT-LDA). The only experimental result, which can be used to verify the obtained DFT band structure of RS SnSe is the linear change of the band gap of Pb 1−x Sn x Se with the Sn content-at T = 4 K the band gap E g changes from a value of 0.165 eV for x = 0, via E g = 0 for x ≈ 0.19 to E g = −0.129 eV for x ≈ 0.33.
20
Thus, the final TB parameters for SnSe are obtained from the parametrization of the DFT-LDA band structure by use of the simulated annealing method 21 with the additional condition of a linear change of E g (x) in the mixed crystal. In each step of this procedure, the parameters of the Pb 1−x Sn x Se alloy are obtained by linear interpolation of the actual TB parameters of PbSe and SnSe. In our TB Hamiltonian for SnSe the s, p and d orbitals and nearest-neighbor interactions are included. Finally, by extrapolating the measured E g (x) from Ref. 20 to x = 1, one finds the "experimental" band gap of RS SnSe to be −0.725 eV while the energy difference between the DFT-LDA conduction and valence bands in the L point is equal to −0.981 eV. We rescale the obtained parameters for SnSe to obtain the "experimental" band gap and, therefore, the proper E g (x) dependence for the Pb 1−x Sn x Se alloy, in particular with the energy-gap sign change occurring at x = 0.19.
In our experiment the change of E g is achieved not by changing the Sn content but by varying the temperature. Thus, for a direct comparison of the experimental findings with the theory we have to check how the TB parameters of Pb 0.73 Sn 0.27 Se evolve with temperature. We assume that this dependence is dominated by the change of the lattice constant a 0 with temperature and rescale again our parametrization according to the Harrison rules. 22 We assume that a 0 for any Sn content diminishes by the same amount with decreasing temperature as for PbSe. 23 The room-temperature a 0 for Pb 0.73 Sn 0.27 Se is taken from X-ray-diffraction experiments. 24 With the procedure described above we recover exactly the experimental temperature dependence of the band gap for PbSe. With increasing Sn content the agreement diminishes, but in the interesting region of x = 0.27, the resulting E g (T ) differs from that given in Ref. 20 by less than about 15 %.
As shown in Fig. 1 (a), the band calculations for the Pb 0.73 Sn 0.27 Se (001) surface at T = 300 K yield a noninverted band structure and hence no gapless states. Yet, the lowest ( i ) and highest ( ii ) states of the conduction and valence bands, respectively, represent states localized at the surface. Figures 1(b) and (c) show the band structure of Pb 0.73 Sn 0.27 Se close to X in the TCI state. Analogous to the situation in SnTe, 11 surface states are found to cross the inverted bulk band gap along the Γ-X direction. The surface states above ( i and iii ) and below ( ii and iv ) the Dirac points are depicted in Fig. 1(c) . The calculated spin textures for the states i and ii are presented in Fig. 1 (d) for 300 K and (e) for 80 K. As can be seen in the figure, these states are spin-polarized and have a chiral spin texture in both cases. We note that the clockwise (counter-clockwise) chirality is related to the cation (anion) p-type orbitals. Also, while at high temperature single vortices are anticipated, the spin patterns presented in Fig. 1(e) for low temperature consist of double-vortical structures. In the latter, for the band i and wave vectors k between the Dirac points (inner vortex) the spin rotates counter-clockwise about X. Outside this region (outer vortex) the rotation is reversed (clockwise). Thus, in the local environment of each Dirac point the same left-handed chiral structure is obtained, like predicted in Ref. 11 . For energies below the Dirac point, i.e., for band ii , all the chiralities are reversed as compared to band i . Moreover, it is seen that the polarization is expected to be slightly larger for the anions than for the cations. In contrast, the spin textures of the higher ( iii ) and lower ( iv ) bands in Fig. 1(f) , have the form of single vortices. This results from the two additional Dirac points at X. In one of these, the bands i and iii are brought to contact forming anion Dirac cones, while the bands ii and iv meet in the other to form cation Dirac cones [cf. Fig. 1(b) and (c) ]. These Dirac points are not topologically protected, but still have an impact on the overall spin structure. The spins in the anion (cation) Dirac cones of the iii ( iv ) bands are rotating in the opposite direction as compared to the anion (cation) spins in the i ( ii ) bands.
III. PHOTOEMISSION EXPERIMENTS
To test the results of our calculations we conducted photoemission experiments on single crystals of Pb 0.73 Sn 0.27 Se. The studied n-type single crystals have been grown by the self-selecting vapor growth method under near-equilibrium thermodynamic conditions.
24,25
The ARPES and SRPES measurements on cleaved (001) surfaces at temperatures T ≈ 80 K and T ≈ 300 K have been carried out at the I3 and I4 beam lines at the MAX-III synchrotron at MAX-lab, Lund University, Sweden.
26, 27 All experiments have been done under ultrahigh-vacuum conditions (p ≈ 3 × 10 −10 mbar) using linearly polarized light with a photon energy hν = 18.5 eV. The total energy resolution of the ARPES and SRPES experiments was about (10 to 20) meV and 100 meV, respectively. The in-plane crystal-momentum resolution was 0.01Å −1 for the ARPES measurements. The SR-PES data acquisition integrated over a reciprocal-space area with a diameter of about 0.025Å −1 . Figure 2 (a) shows ARPES spectra for both sample temperatures along the high-symmetry lines of the (001) Brillouin zone (Γ-X-Γ and M -X-M ) in the vicinity of X. In agreement with previous ARPES measurements on Pb 0.77 Sn 0.23 Se, 15 the formation of gapless surface states along Γ-X-Γ characteristic for the TCI phase takes place at low temperatures, whereas at high temperatures, only gapped states are observed. The band-structure inversion in Pb 0.73 Sn 0.27 Se occurs at T ≈ 250 K, 20 thus, the material is either a TCI (T ≈ 80 K) or a normal insulator (T ≈ 300 K). While our calculations for the room-temperature case indicate a paraboloid-like dispersion centered at X, the corresponding data suggest that the conduction-band minima are shifted away from X [cf. Γ-X-Γ dispersion in Fig. 2(a) ].
On the basis of these ARPES results, successively, the in-plane spin texture was probed by SRPES measurements employing the mini-Mott polarimeter at the I3 beam line. 26 This set-up is used to determine the projec- tion of the in-plane electron spin on a given directionin this case approximately the direction parallel to k x as sketched in Fig. 2(c) . In the process, two photoemission spectra [energy-distribution curves (EDCs)] for electrons with opposite spins are acquired and the spin polarization P(E) is given by the asymmetry
Here,Î ⊗,⊙ (E) are the background-corrected and normalized intensities in the two spectra and S eff ≈ 0.2 is the effective Sherman function, a measure for the efficiency of the Mott detector. 28 Eventually, the absolute photoemission intensities I ⊗,⊙ (E) corrected for S eff < 1 are obtained by
Unfortunately, during the low-temperature measurements, adsorption of residual gases in the vacuum chamber and reactions with the photon beam cause a rapid shift of the chemical potential of the samples of up to 100 meV/30 min, thus successively emptying the surface states. Hence, a quantitative polarization analysis based on high-statistics measurements is unfeasible. Nevertheless, initial SRPES measurements could be performed at the five reciprocal-space points indicated in Fig. 2(b) . Figure 2(c) summarizes their results. The measured spectra have been normalized to yield on average no net spin polarization for the contributions to the spectra from bulk-like states at binding energies higher than 350 meV. To improve the clarity of the presentation a simple moving average of three measured data points (corresponding to an energy interval of 20 meV) has been taken to calculate the shown spectra. based on our calculations. It has been assumed that the probability of photon absorption is the same for all states and that the photoemission probability decays exponentially (with a decay constant of 0.7 nm) with the distance from the surface. An additional Gaussian energy broadening of 20 meV has been applied.
Altogether, the clear intensity asymmetry for photoelectrons with opposite spins indicates a finite spin polarization at both temperatures. Although the experimentally and theoretically obtained dispersion curves at T = 300 K somewhat seem to deviate, the observed spin polarizations agree qualitatively. The states have a chiral spin texture which reverses when crossing the Dirac-point energy or the band gap, respectively. The polarization is given mainly by the surface states for both temperatures.
The calculated small but nonzero polarization of the bulk states can be understood by recalling that only the spin polarization of the first few monolayers closest to the surface is considered. Since the surface breaks the inversion symmetry, the states in this region may be polarized. Of course, the total spin polarization for the doubly degenerate bulk-like states of the slab with two surfaces is equal to zero.
A comparison of the data with the calculations in Fig. 1(e) shows that in the TCI state the anticipated "outer" spin rotation in the bands i and ii is realized. On the other hand, the identification of the "inner" spin rotation remains elusive. Any attempt to measure the polarization at a position between one of the Dirac points and X is hindered by the inevitable averaging over a considerably large k-space region, the overall lower photoemission intensity from the surface states [cf. Fig. 2(a) ] and at low temperatures the additional shift of the chemical potential. Since the Dirac points are much further apart in the related system Pb 0.6 Sn 0.4 Te, the observation of the "inner" spin structure in the TCI state of this material occurred to be possible.
14

IV. DISCUSSION AND CONCLUSIONS
The experimentally observed chiral spin texture of the metallic surface states in the TCI phase of Pb 0.73 Sn 0.27 Se is consistent with our theoretical TB model as well as with the very recent report on the spin texture in the TCI phase of the closely related Pb 0.6 Sn 0. 4 Te alloy.
14
Here we have shown that in the normal-insulator state of Pb 0.73 Sn 0.27 Se gapped spin-polarized surface states exist as well. IV-VI semiconductors and their substitutional alloys crystallize in the RS structure and possess global inversion symmetry. Therefore, only structure-inversionasymmetry-induced spin splitting (Rashba effect) 29, 30 is expected for the two-dimensional surface states in these semiconductors. It has been checked that within our TB model the calculated dispersion at high temperatures tends to a single paraboloid centered at X when the crystal slab thickness increases. On the other hand, our ARPES data suggest the presence of split bands. The latter might be related to phenomena not included in the calculations, e.g., the Rashba effect given by the confining potential at the charged surface. Yet, clearly both, more elaborate experimental as well as theoretical work is needed to provide further details for these spin-polarized gapped surface states.
To summarize, the spin polarization of the (001) surface states have been predicted in both, the newly discovered TCI phase as well as in the topologically trivial state of Pb 0.73 Sn 0.27 Se. While our calculations show a "double-vortical" spin structure for the TCI state, in the normal-insulator state a "single-vortical" spin texture is anticipated. ARPES measurements confirm the formation of the TCI phase below, but also indicate split gapped states above the band-gap-inversion temperature. SRPES provides conclusive evidence for the realization of a chiral spin texture in both cases, overall consistent with the calculations. As revealed by our studies, the spin polarization seems to be inherent to surface states in narrow-gap IV-VI semiconductors influenced by very strong SOI. The transition to the TCI phase brought about by the band-symmetry inversion qualitatively influences orbital degrees of freedom of electrons and holes (cation/anion wavefunction inversion). This, via SOI, results in the spin polarization of electrons occupying both, in-gap Dirac-metal surface states as well as the states close to the bottom of the conduction band and the top of the valence band whose detailed nature, however, still awaits further elucidation.
